ABSTRACT A novel nonlinear attitude error model based on square root cubature information filter (SR-CIF) is proposed aiming to speed up the convergence rate of DVL-aided strapdown inertial navigation system (SINS) in-motion initial alignment for autonomous underwater vehicle (AUV) when both large initial heading error and large initial level attitude errors exist The new nonlinear attitude error model and measurement model are applicable for initial alignment after a short-time coarse alignment with large attitude errors exist. The SR-CIF embeds the whole iterative process into the data structure framework of the information filtering, replacing the covariance matrix in the square root cubature Kalman filter (SR-CKF) with an information matrix which simplifies the filter initialization. The square root technology ensures the symmetry and positive definiteness of the information matrix with enhanced stability of the filter. The simulation and experimental results indicate that the proposed DVL-aided alignment filter is effective with large initial attitude errors. The rate of convergence and estimation accuracy of the SR-CIF is higher than that of the conventional SR-CKF with large attitude misalignments.
I. INTRODUCTION
Typical navigation methods for Autonomous Underwater Vehicle (AUV) are usually based on a high quality SINS with a Doppler Velocity Stutters et al. [1] . The initial alignment is difficult to accomplish because the exterior sensors such as Global Navigation Satellite System (GNSS) which can provide geodetic-frame velocities are unavailable [2] . As well as that, the DVL usually provides velocity in the Doppler instrumental frame which cannot be used as measurement directly. The initial alignment usually consists of processes of coarse alignment and fine alignment. Large initial attitude errors caused by short-time coarse alignment require more accurate alignment error model and higher performance of filter. Hence it is a challenge for in-motion DVL-aided SINS initial alignment with large misalignment angles [3] Many of the alignment models have been devoted to solve the problem in small misalignment conditions [4] - [6] . Reference [3] , [7] proposed initial alignment models with large heading misalignment. The alignment models mentioned in above referThe associate editor coordinating the review of this manuscript and approving it for publication was Haiquan Zhao. ences are not applicable in situations when both large initial heading errors and large initial level attitude errors exist, which may lead to performance degradation of Kalman filter. A novel nonlinear attitude error model which considers all three large misalignment angles is proposed in this study. The simulation and experimental results show the effectiveness of the proposed nonlinear attitude error model Some nonlinear filters have been used to deal with the large misalignment problem [3] , [8] , [9] . The earliest nonlinear filtering method was Extended Kalman Filter (EKF) [10] . However, the EKF algorithm is only applicable to ''middle'' nonlinear systems [11] , [12] . Hence, some scholars proposed a probabilistic approximation of the nonlinear filtering construction idea, the Unscented Kalman Filter (UKF) algorithm which was the first nonlinear algorithm to practice this idea [13] , [14] . Cubature Kalman Filter (CKF) is another kind of nonlinear filtering algorithm based on the probability approximation idea. [15] , [16] which employs a more rigorous mathematical derivation based on the Spherical-radial Cubature criterion to replace the UT transformation in the UKF algorithm [17] , [18] . Cubature Kalman Filter (CKF) has been proved more effective than UKF for high-dimensional systems. [19] , [20] . In Square Root Cubature Kalman Filter (SR-CKF), the covariance matrix is recursively updated in the form of square root, which reduces the computational burden and achieves higher computational efficiency in the filtering process. Furthermore, the nonnegative character of the covariance matrix can be guaranteed, so the performance degradation of SR-CKF can be avoided. The stability of SR-CKF is better than that of CKF [21] , [22] The filters mentioned above implement state estimation by passing state vectors and covariance matrices, while the information filter algorithm implements state estimation by passing information vectors and information matrices [23] . The information algorithm of Kalman Filter has less computational complexity in multi-sensor state estimation compared with standard covariance filters [24] - [26] For highly dimensional nonlinear problems with large uncertainties [25] , [26] , Square Root Cubature Information Filter (SR-CIF) exhibits more accuracy and stable performance than Extended Information Filter (EIF) Unscented Information Filter (UIF) and Cubature Information Filter (CIF). Referring to above literatures, SR-CIF adopted in this paper is a better choice compared to EIF UIF and CIF Besides SR-CIF Square Root Cubature Kalman Filter can be initialized more easily compared to the SR-CKF because SR-CIF is expressed in information space. However the performance of the DVL-aided SINS initial alignment with large misalignments using the SR-CIF has not been tested yet.
In this work, (1) an improved DVL-aid SINS initial alignment nonlinear model which fits large misalignments is proposed; (2) the SR-CIF is creatively applied to solve problem of DVL-aided SINS in-motion alignment with large initial attitude errors The simulation and experimental results have verified that the novel nonlinear attitude error model and SR-CIF can greatly improve the initial alignment accuracy of the DVL-aided SINS initial alignment in situations when both large initial heading error and large initial level attitude errors exist.
The remainder of this paper is organized as follows: Section II introduces the improved nonlinear alignment model with large misalignment errors; Sections III describes SR-CKF and SR-CIF; Section IV verifies the findings through simulation and experimental results; the conclusions are given in Section V.
II. DVL-AIDED SINS ALIGNMENT MODEL WITH LARGE ATTITUDE ERROR A. NONLINEAR SINS DYNAMIC ERROR MODEL
An improved nonlinear initial alignment model is proposed based on the model which was proposed in [7] and [27] . The SINS velocity error equation can be expressed as [7] , [27] :
where the superscript c denotes the computed local level frame North-East-Down (NED). p, b and i are mathematical platform frame, body frame and inertial frame, respectively. C represents direction cosine matrix; f b represents specific force in body frame; ω c ie is earth rotation rate resolved in c frame. ω c ec is the angular rate of the c frame relative to the earth frame resolved in c frame. δg c is the gravity error mainly caused by position error which can be ignored during alignment. δv c is expressed as:
whereṽ c SINS is vehicle velocity calculated by SINS. v c is vehicle real velocity in c frame.
The position error equation is given by [7] , [27] :
where δr c = δr N δr E δr D T The subscripts N , E and D denote the north east and down components in the c frame. ω p cp can be written in the following form according to [7] :
where ω c ic is the angular rate of c frame relative to inertial frame resolved in c frame. In [7] ψ p is considered to be equal to ω c cp , which may cause model error when large initial heading error and large initial level attitude errors exist simultaneously. Hence the relationship between ψ p and ω c cp has following form [28] :
where
Combine (4) and (5), the psi-angle model can be rewritten as:
Thus, a more accurate update of the rotation vector ψ p is obtained. In addition, the relationship between ψ p and C c p is given by [28] :
Hence, the new SINS error dynamic models including (1), (3) and (6) are applicable when all the misalignment angles are assumed to be large.
When ψ x ψ y ψ z are small, formulas (5) and (7) can be simplified to [7] :
And (6) can be rewritten into small psi-angle model which is widely used in applications [7] :
The Doppler velocity resolved in p frame can be denoted as:
where d is DVL frame.ṽ d d represents the Doppler velocity in d frame, which can be written as: (12) where v d is the real Doppler velocity.
Differentiate the velocity of SINSṽ 
And the height information is provided by depth sensor, hence we have:
wherer D,SINS is calculated by SINS, and r D,d is supported by depth sensor Consequently, the new DVL-aided SINS in-motion alignment model with large initial misalignment error can be constructed based on the system error models (1), (3), (6) and measurement models (13) , (14) .
III. SR-CKF AND SR-CIF
The discretized DVL-aided SINS initial alignment model with large misalignment error is expressed as:
where state vector x k is expressed as:
is the measurement vector which can be expressed as:
f (·) and h (·) are nonlinear functions; w k−1 and υ k are two independent zero-mean Gaussian process noises with corresponding covariance matrixes Q k−1 and R k Combined with the duality of Gaussian distribution, initial filter estimation state of the information parameters and the moment parameters are: (17) where y represents the information vector; Y represents the information matrix and P is the covariance matrix of x. The iteration processes of the SR-CIF and SR-the CKF are carried out as below
A. SR-CKF
The SR-CKF is the known approximation to the Bayesian filter that is designed with a nonlinear setting under the Gaussian assumption The processes of the SR-CKF can be divided into time updating and measurement updating [22] , and they are presented as below:
1) Time-updating
where S k−1 is the Cholesky factor of the covariance matrix
Calculate the sigma point sets and their weights according to the third-order Spherical-radial Cubature criterion:
where n is the system dimension; W i is the weighted value corresponding to each Sigma point, and satisfies W i = 1; [1] i indicates the i column or line of identity matrix [1] .
The state prediction is shown as follows:
2) Measurement -updating
where z k is the measurement at k time.
B. SR-CIF
SR-CKF implements filter estimation by passing state vectors and covariance matrices P k , while the SR-CIF passes information vectors y k and information matrices Y k And process of SR-CIF is presented as follows [25] : 1) Time-updating
where L k−1 is the Cholesky factor of the covariance matrix
The state prediction as follows:
C. FILTER INITIALIZATION COMPARISONS FOR SR-CIF AND SR-CKF
SR-CKF and SR-CIF are nonlinear filtering algorithms based on probabilistic approximation, which has the same structure in CKF. Meanwhile, they ensure the symmetry and positive definiteness of the information matrix or covariance matrix by propagating their square root, to improve the stability of the algorithm. Moreover, SR-CIF is algebraic equivalent to the SR-CKF, while the parameters of interest are information states and information matrix (the inverse of covariance matrix) instead of the states and covariance matrix. For SR-CKF, the initializes diagonal elements of the covariance matrix P 0 are usually set as large value and the non-diagonal elements are set to zero under the situation of large misalignments while the non-diagonal elements are not close to zero in reality Such initialization results in estimation errors and degradation of system performance. On the other hand SR-CIF has the advantage of initialization, which information matrix is expressed in the information space Its initial value of non-diagonal elements approach zero with the situation of large initial attitude errors which is conducive to the initialization of the filter. Therefore, it can be assumed that SR-CIF has better performance than SR-CKF under the condition of large misalignments
IV. SIMULATION AND EXPERIMENTAL RESULTS
To verify the validity of the novel DVL-aided SINS initial alignment filter and the performance of the SR-CIF and the SR-CKF simulation and real experiments are conducted in this section. For convenience, we defined that: CSR-CKF is the conventional initial alignment model with SR-CKF; CSR-CIF is the conventional initial alignment model with SRCIF; NSR-CKF is the novel initial alignment model with SR-CKF; NSR-CIF is the novel initial alignment model with SR-CIF.
A. SIMULATION
The Monte Carlo simulation is taken to evaluate the performance of the alignment when the AUV is floating in the water. Set the simulation conditions as: the SINS consists of three gyros with drift rate 0.01 • h (1 − σ ) and three accelerometers with bias 50µg (1 − σ ). The sampling rate is 200Hz; for Bottom-lock DVL, the velocity error is 0.5% ± 5mm/s, the resolution of velocity is 0.01m/s with sampling frequency 1Hz The height of AUV is set as 0. Set the initial covariance matrix P 0 of SR-CKF as:
And the initial information matrix Y 0 of SR-CIF is equal to the inverse of P 0 The simulation results shown in Figure 1 and Table I demonstrate the performance of the filters when the initial attitude error is merely heading error The certain simulation error curves of four filters are shown in Figure 1 It is clear that the four filters have similar rates of convergence By comparing the error curves of CSR-CIF and NSR-CIF (CSR- CKF and NSR-CKF), the novel model has slightly faster rate of convergence than the conventional model. Furthermore, the heading errors of 200-times Monte Carlo simulations are shown in Table I with initial heading error from 10deg(1 − σ ) to 60deg(1−X σ ), which can be seen that the alignment accuracy of the novel model is slightly better than the conventional one. SR-CIF can improve the estimated accuracy compared with the SR-CKF with same alignment model. Therefore, the simulation results show that the proposed DVL-aided SINS initial alignment model is available. When only initial large heading error exists, the new model is better than that of the conventional, but the difference is not significantly Performance of the SR-CIF is better than that of the SRCKF The larger the initial heading error is, the more distinct superiority of the SR-CIF will be.
Then the initial alignment results of the four filters are discussed when three attitude angles are with large misalignments The 1 − σ initial heading misalignment is set to 6deg and the horizontal attitude errors range from 5deg(1 − σ ) to 20deg(1 − σ ). The simulation time is 600s The 200-times Monte Carlo simulations results are shown in Table II It is clear that horizontal alignment errors of the four filters are less than 0.15deg. Among the four filters, NSR-CIF has the best performance, followed by CSR-CIF, NSR-CKF and CSR-CKF. Figure 2 depicts the typical heading error curves in simulation process with large initial heading error and initial horizontal error It demonstrates that the SR-CIF can accelerate the convergence of the heading error Therefore, compared with the conventional model, the novel nonlinear attitude error model is more suitable for initial alignment with large initial attitude errors. Furthermore, SR-CIF is superior to SR-CKF. As a matter of fact, when the horizontal errors and the heading error are large misalignments, the corresponding non-diagonal elements of the covariance matrix of SR-CKF are larger than the case when only the initial heading error is large angle This situation causes P 0 to deviate further from the true initial error covariance matrix. On the contrary, the SR-CIF has distinct advantages for when Y 0 is closer to real situation.
B. EXPERIMENTS
The AUV experimental data was collected to evaluate the performance of DVL-aided SINS in-motion initial alignment. The AUV was equipped with SINS, GPS and DVL, the SINS consisted of three gyros with drift rate 0.01 • h (1 − σ ) and the three accelerometers with bias 50µg (1 − σ ). The sampling frequency is 200Hz. For GPS, it provided velocity with precision of 0.1m/s, the position with precision of 10m and its sampling frequency is 1Hz. For DVL, the velocity error is 0.5% ± 5mm/s, the resolution of velocity is 0.03m/s with sampling frequency 1Hz.
In the experiment, AUV floated on the water all the way with velocity ranged from 3 to 4 m/s The depth of AUV is regard as 0. The results of SINS/GPS integrated navigation are taken as reference and experiments include two aspects: (1) Test the performance of filters after 10s − 30s coarse alignment The experimental results are shown in Figures 3-4 and Tables III-IV; (2) SINS/DVL integrated navigation were performed to compare the position error after 600s initial alignment which 30s coarse alignment was included The experimental results are shown in Figure 5 and Table V . The position error caused in the initial alignment process can be corrected by backtracking calculation with storing part of IMU information and DVL velocity [29] Figure 3 describes the heading error curves after 10s coarse alignment Table III shows the alignment results after 600s initial alignment under different coarse alignment time. It can be seen from Figure 3 and Table III that the horizontal errors of the four filters can converge to small angle. The SR-CIF has faster rate of convergence and higher accuracy than SR-CKF's heading errors Meanwhile, the new model can improve the alignment performance and the alignment precision obviously The position errors during the 600s initial alignment are shown in Figure 4 and Table IV, the position error of the NSR-CIF is the minimum under different coarse alignment conditions and the position errors of the four filters tend to be consistent when the coarse alignment time is longer. Both the novel attitude model and the SR-CIF are efficient to suppress the position error during alignment with large initial attitude errors. Therefore, it is concluded that the SR-CIF can greatly improve the rate of convergence and stability of the filter with large misalignments The novel nonlinear attitude error model can effectively solve the problem of initial alignment under short-time coarse alignment.
In addition, Figure 5 and Table V also verify the above conclusions. The maximum position errors of the four filters are 93.20m, 87.53m, 88.47m and 87.38m respectively. The NSR-CIF has the least position error. The experiments indicate that the novel attitude error model for DVL-aided SINS in-motion initial alignment and the SR-CIF can improve the performance of rate of convergence and accuracy of with large misalignments.
V. CONCLUSIONS
The contribution of this paper is that: (1) A novel DVL-aided SINS initial alignment model is introduced for large misalignments existence; (2) The SR-CIF algorithm is used in the presented model which simplifies the initialization process and provides stable estimated. Simulation results show that the novel model with SR-CIF presents superior performance in terms of the convergence rate and the accuracy when the 1 − X σ initial heading error less than 6deg and the 1 − σ horizontal error less than 20deg. The experiments and the simulations have the same conclusion. The attitude errors are less than 0.1deg after 600s initial alignment with short-time coarse alignment Therefore the proposed alignment model can be applied for the DVL-aided SINS in-motion alignment with large misalignments and the performance of SR-CIF is superior to SR-CKF. 
